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We examined behavioral features of isochronous repetitive movements in two macaques. 
The monkeys were required to press a button repetitively in response to external cues. If 
the cue-intervals were constant (isochronous) and sub-second, the reaction time was 
shorter than in random-interval condition. In contrast, in the supra-second isochronous 
conditions, the reaction time was not different from random-interval condition. The 
results suggest that the monkeys can acquire isochronous rhythms if the intervals are 
sub-second, probably depending on the automatic timing system. However, the 
conscious timing system for supra-second intervals is not well developed in monkeys, 
unlike humans. 
 
Keywords: non-human primates; timing; rhythm; temporal processing; behavior; 
forelimb movement.  
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Our daily activities, such as speaking, playing music, and many kinds of sports, are rich 
in rhythmic movements. In order to behave smoothly, component movements should be 
organized in a specific temporal sequence, or a rhythm, and timed appropriately. 
Rhythms can emerge spontaneously during learning of motor sequences, even if it is not 
required (Sakai et al., 2004). On the other hand, synchronization with external rhythmic 
cues is useful in performance and/or learning of movement sequences. For example, 
people find it easier to learn dance steps or play a musical instrument with a metronome 
sound or visual cues provided by a conductor. Especially, interactions between auditory 
and motor systems are important for execution of the rhythmic movements in humans 
(for review, see Zatorre et al., 2007). 
 Numerous psychophysical and functional imaging studies have investigated 
motor timing mechanisms in humans using finger-tapping tasks. Psychophysical studies 
(reviewed by Aschersleben, 2002) showed that humans can synchronize their tapping 
with rhythms as slow as 0.4~0.5 Hz (inter-stimulus interval: 2000~2500 ms). Lewis and 
Miall (2003) suggested that two different mechanisms of motor timing operate 
depending on the time scales: an automatic timing system for sub-second intervals, and 
more conscious timing system for supra-second intervals.  
 Non-human primates also can perceive time duration and control the timing of 
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discrete movements (Niki and Watanabe, 1979; Sakurai et al., 2004; Oshio et al., 2006; 
Leon and Shadlen, 2003; Genovesio et al., 2006; Mita et al., 2009; Yumoto et al., 2011). 
However, until recently, it had been unknown whether if non-human primates can 
control continuous and repetitive movements like humans. Zarco et al. (2009) trained 
macaque monkeys to perform an isochronous repetitive button press task with 
sub-second inter-press intervals, and showed that the characteristics of monkeys’ 
performance were equivalent to those of human subjects. However, it is still unknown 
whether or not the monkeys’ repetitive movements depend on the two distinct 
mechanisms for sub-second and supra-second time intervals, that have been found in 
human subjects.  
 To address this issue, we trained two macaque monkeys (Macaca fuscata; 
monkey M, 7 years old, 9.5 kg; monkey S, 6 years old, 6.5 kg) to perform a task 
analogous to the synchronized tapping task, in which the monkeys were required to 
perform the repetitive button presses guided by isochronous rhythms of sub-second to 
supra-second range. All experiments were approved by the ethics committee of the 
Primate Research Institute of Kyoto University. 
 During the experiment, each monkey sat in a primate chair without head 
restriction. A panel equipped with a push button (20x30 mm) was placed vertically in 
 6 
front of the monkey (30 cm from the monkey’s body). A hold-lever was installed below 
the push button at the monkey’s waist level. The button could be illuminated with a 
green or red light-emitting diode (LED). Each trial of the task started when the monkey 
held the hold-lever for 0.5 sec. After a delay, during which the button was illuminated in 
green, the button flashed 6 times in red with a tone (50 ms in duration each time). The 
monkeys were required to press the button 6 times when it flashed in red. If monkeys 
could press the button within a predetermined time-limit for 6 times, a drop of fruit 
juice was delivered as a reward, and the trial ended. Both monkeys pressed the button 
with their thumbs: monkey M by forward-backward arm movements, monkey S by 
pronation/supination wrist movements. There were two categories of conditions in this 
task: isochronous (ISO) and random (RND) conditions, differing in the temporal 
organization. In the ISO conditions, the LED button was illuminated in green for 1 sec 
at the beginning of each trial. Thereafter, the button flashed in red with a constant 
frequency (stimulus onset asynchrony, SOAs: 750, 1000, or 1500 ms for monkey M, 
600, 750, 1200, or 1500 ms for monkey S). The SOA was unchanged within a block of 
trials (20 correct trials), but was changed in the next block. For the ISO conditions, the 
monkeys were required to press the button from a time corresponding to 15% of SOA 
before the cue onset (pre-cue limit) until 350 ms after the cue onset (for monkey M) or 
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400 ms after the cue onset (for monkey S) (post-cue limit). If they failed to press the 
button within this period, the current trial was aborted with a beep sound, and the next 
trial started after an inter-trial interval of 1 sec. The duration of each isochronous trial 
ranged from 3.05 to 7.55 sec. In the RND condition, the delay before the cue 
presentation was random (1-2 sec). The SOAs were chosen randomly from four possible 
durations (1, 1.25, 1.5, 1.75 or 2 sec for monkey M and 0.75, 1, 1.25, 1.5 sec for 
monkey S). For the RND condition, monkeys were not allowed to press the button 
before the cue onset (pre-cue limit = 0). The post-cue limit for RND condition was same 
as that for ISO condition. The average duration of a RND trial was 7.55 sec for monkey 
M and 5.68 sec for monkey S. The dominant hand of each monkey was determined as 
the hand that used voluntarily to press the button during the training sessions. During 
the data collection, the opposite hand was restrained from reaching the button or 
hold-lever by an acrylic barrier attached to the primate chair. The monkeys usually 
performed 20 blocks, including ISO and RND blocks, in each daily experimental 
session. All aspects of the behavioral experiment, including presentation of stimuli and 
delivery of reward, were under the control of a personal computer (PC9821Xa, NEC). 
 The monkeys were first trained to hold the lever. In the next step, they were 
trained to press the button once while it was illuminated in red with a tone (cue). The 
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cue duration was gradually shortened from several second to 50 ms, and the pre- and 
post-cue limits were set. Thereafter, number of the cue presentation (i.e., number of the 
button press) was gradually increased up to 6. In this initial phase of training, only one 
SOA (1000 ms for both monkeys) was used. After mastering this condition, other 
conditions were introduced. The behavioral data were collected after the correct rate 
exceeded 70% in each condition. It took 8 and 10 months for monkeys M and S to reach 
this criterion. 
 We collected data in a total of 90 trials for each condition from both monkeys. 
The first two trials in each block were excluded from the subsequent analysis, because 
the monkeys could not yet know which condition was in effect at the beginning of the 
block. To evaluate the monkey’s performance, we measured the reaction time (RT: the 
time from the cue onset to the response onset) as the main parameter. The RTs for the 
first button press in each trial were excluded from the statistical analysis, because the 
time of the delay preceding the first cue was fixed to 1 sec regardless of the SOA.  
 Figure 1A, B shows the RTs (mean of 2nd–6th presses) for the two monkeys in 
each condition. The distributions of reaction times of the two monkeys for ISO750 (a 
sub-second interval condition), ISO1500 (a supra-second interval condition) and RND 
conditions are shown in the figure 1C, D. For the monkey M, a one-way analysis of 
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variance (ANOVA) with conditions as a main factor revealed significant main effect for 
condition (F(3, 1796) = 62.13, p < 0.001). Tukey's honestly significant difference 
(HSD) post-hoc test showed that the RTs in the ISO750 and ISO1000 conditions were 
significantly shorter than that in the RND condition (p < 0.001). In contrast, there was 
no difference between ISO1500 and RND conditions. For the monkey S, a one-way 
ANOVA with conditions as a main factor revealed a significant main effect for 
condition (F(4, 2240) = 102.80, p < 0.001). Tukey's HSD post-hoc test showed that the 
RTs in the ISO600 and ISO750 conditions, but not those in the ISO1200 and ISO1500 
conditions, were significantly shorter than that of the RND condition (p < 0.001). In 
summary, the monkeys could predict the timing of following cue in the sub-second 
interval conditions, but not in the supra-second interval conditions. In general, the upper 
limit of the interval of pacing signals with which human subjects can synchronize is 
about 2000 to 2500 ms (Aschersleben, 2002). Our results indicate that, although 
monkeys could predict the timing of repetitive cues, the upper limit of the interval was 
shorter than that in humans.  
  Figure 2A and 2B show the mean RTs for the 1st to 6th button presses 
in the ISO750 condition and the RND condition in each monkey. To compare the 
reaction time between the ISO and RND conditions in each button press, we performed 
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a paired t-test. For both monkeys, the RTs in the RND condition were quite constant 
from the 2nd to the 6th button presses. For both monkeys, the RTs for the 1st and 2nd 
presses were not different between the ISO750 and RND conditions. However, for the 
3rd and later button presses, the RTs in the ISO750 condition were significantly shorter 
compared to those in the RND condition (p < 0.05). This finding implies that the 
monkeys learn the rhythm from the interval between the 1st and 2nd cues (or perhaps 
the 1st and 2nd button presses) to predict the timing of the following button presses. 
Note that for monkey M, the RTs in the ISO750 condition declined during a trial. This 
implies that this monkey’s inter-press interval was shorter than the inter-cue interval. 
The same tendency was observed for the ISO1000 condition of the same monkey. For 
monkey S, the RTs in the ISO750 condition, and also those in the ISO600 condition, 
were rather constant from the 3rd to 6th button presses, and were significantly shorter 
than those of the RND condition (p < 0.05). Figure 2C and 2D show the mean RTs for 
the 1st to 6th button presses in the ISO1500 condition and the RND condition in each 
monkey. For both monkeys, there was no significant difference between the RTs of the 
ISO1500 condition and those of the RND condition, except that the RT in the 1st button 
press of the monkey M was longer for ISO1500.  
 To examine if any learning of rhythm occurs across trials, we performed 
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two-way repeated measure ANOVA with the trial number and the number of button 
presses as main factors. A significant main effect of the trial number was observed in the 
ISO750 and ISO1200 for the monkey S, and the ISO 750 for the monkey M (p < 0.05). 
A simple linear regression analysis showed a significant, though weak, linear trend for 
RT across trials for ISO750 for both monkeys (β  = -0.10, -0.13 for monkeys S and M, 
p < 0.05), and ISO1200 for monkey S (β  = 0.09, p < 0.05). The results imply that there 
was a slight learning effect across trials within a block for the sub-second isochronous 
conditions (at least for ISO750 condition). Nevertheless, as described above, both 
monkeys showed clear shortening of the reaction time for later button presses of each 
trial (presses 3-6) if the interval was not longer than 1 sec. This may implies that 
monkeys’ rhythm control largely depend on the automatic timing system rather than the 
cognitive timing system. The reason for the positive β  for ISO1200 of monkey S is 
not clear: it may reflect the fatigue.  
 To further assess the effects of the SOA on the acquisition of rhythm, we 
compared the number of trials required to reach a criterion of 20 successful trials 
between conditions. For monkey M, the number of trials to criterion was 21.0 ± 0.63 
(for ISO750), 21.4 ± 0.87 (for ISO1000), 25.8 ± 0.73 (for ISO1500), and 24.2 ± 0.20 
(for RND), respectively. One-way ANOVA showed that a significant main effect of 
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condition (F(3,16) = 12.11, p < 0.001). Tukey’s HSD post-hoc test revealed that the 
number of trials to criterion was significantly less in the ISO750 and ISO1000 
conditions than in the ISO1500 and RND conditions (p < 0.05). The same tendency was 
observed for monkey S. The number of trials to criterion was 21.2 ± 0.58 (for ISO600), 
21.0 ± 0.32 (for ISO750), 21.8 ± 0.58 (for ISO1200), 22.6 ± 0.66 (for ISO1500), and 
23.2 ± 0.89 (for RND), respectively, though the difference did not reach the statistical 
significance (p > 0.05).  
 These results suggest that, for isochronous repetitive movements, monkeys can 
acquire the rhythm, probably depending on the automatic timing system, if the intervals 
between movements are short (≤ 1000 ms). In contrast, if the intervals are long (> 1000 
ms), it is difficult for monkeys to acquire the rhythms. The cognitive timing system, 
needed for timing of supra-second intervals, may be less effective in motor control in 
monkeys than in humans. 
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Figure 1.  
A and B: Mean reaction time in the isochronous (ISO) and the random (RND) 
conditions for monkey M and monkey S, respectively. Error bars indicate the standard 
deviation. ***p < 0.001. C and D: Histgram of the reaction time for the ISO conditions 




2A and 2B: Mean reaction times for the 1st to 6th button presses in the isochronous 
(ISO) condition (interval: 750 ms) and the random (RND) condition.  2C and 2D: 
Mean reaction times for the 1st to 6th button presses in the isochronous (ISO) condition 
(interval: 1500 ms) and the random (RND) condition.  A and C show the data from 
monkey M, whereas B and D show the data from monkey S. Error bars indicate the 
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